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holine was discovered as a vitamin in 1862, but it was more than a century later that it was recognized as an essential nutrient. It was officially recognized as an essential nutrient by the Institute of Medicine (IOM) in 1998, and an adequate intake (AI) was established based on estimated dietary intakes and studies reporting liver damage with lower choline intakes. 1 Choline is essential for liver and brain function, lipid metabolism, and for cellular membrane composition and repair. 2 Recent advances in the science and understanding of choline reveal that it plays a critical role in human health and development throughout the entire life cycle, beginning with fetal brain and spinal cord development. 2, 3 Choline was not addressed in the 2005 Dietary Guidelines for Americans because consumption data were lacking. However, the development of a database of the choline content of foods now makes it possible to evaluate the choline content of diets. 4 At the fourth meeting of the 2010 Dietary Guidelines Advisory Committee, choline was proposed as a shortfall nutrient for certain subgroups. 5 However, choline was not designated as a nutrient of concern in the 2010 Dietary Guidelines.
In 2009, the Choline Science Summit was held in Washington, District of Columbia, bringing together prominent scientists and researchers along with nutrition leaders from organizations including the American College of Obstetricians and Gynecologists, American Dietetic Association, American Society for Nutrition, International Life Sciences Institute, National WIC Association, and US Department of Agriculture (USDA). The symposium addressed the latest science on choline and gathered insights for helping raise awareness and intake of this essential nutrient, especially among vulnerable populations. It included discussions of choline's critical role in human health and development throughout the life cycle, the role of genetics in determining choline requirements, and a closer look at the gaps in choline requirements compared with actual intakes. Participants also discussed strategies for communicating choline recommendations and including choline in future public health education efforts.
A consensus was reached that choline deserves greater recognition in nutrition guidance and public education. Participants agreed that a choline recommendation for special populations, specifically women who are of childbearing age, pregnant, or lactating, is warranted, and the dietary reference intake for choline should be reevaluated. In addition, they recognized that education among health professionals and consumers is needed to elevate awareness of the important roles of choline and increase intake of this essential nutrient. The highlights of the Choline Science Summit, including call-to-action conclusions, are presented here.
Choline in the Diet
Choline is often grouped with the vitamin B complex. It is available in the diet as free choline, a water-soluble form, or it may be bound as fat-soluble esters, such as phosphatidylcholine, or sphingomyelin. Although the human body can produce a limited supply of choline, consuming choline-rich foods is necessary to meet the body's requirements.
Choline is found in a wide variety of foods; liver, eggs, beef, and pork are among the richest sources. One egg supplies 125 mg of choline, about one-third to one-half of the daily recommendation. 6 Other sources of choline include poultry, salmon, wheat germ, milk, nuts, legumes, and some vegetables (Table 1) . Data from the Nurses' Health Study found animal products, including eggs, milk, chicken, beef, and pork, to be the largest sources of choline in the diet. 7 Choline is available in supplement form, but many multivitamins and prenatal vitamins do not currently contain choline.
Choline Intake Versus Requirements
Based on estimated dietary intakes and studies reporting liver damage with lower choline intakes, the IOM set the AI for choline at 425 mg/d for women 19 years or older, 450 mg/d for pregnant women, and 550 mg/d for lactating women and for men 19 years or older ( Table 2) . 1 Evidence was insufficient to set an estimated average requirement (EAR) and recommended dietary allowance (RDA). Thus, the AI serves as a goal for choline intake of individuals, and intakes less than this level will not necessarily result in deficiency.
When the AI was established in 1998, it was assumed that less than 5% of the population was affected by genetic differences that may result in increased choline 6 These values may vary slightly depending on the method of processing and preparation. Increased choline requirements due to genetic variations are more common than we previously thought.
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Nutrition Today requirements. However, recent research examining common variations in genes involved in choline metabolism reveals that a significant proportion of the population carries genetic variants that may increase their requirement for choline above current recommendations. 8, 9 Based on this research, it has been proposed that as much as 50% of the population may have genetic variations that increase their choline requirements above current recommendations. 9, 10 In 2004, a USDA Special Interest Database for choline in foods was created to provide researchers and consumers with the means to estimate choline intake; a second release of the database in 2008 provides data for more than 630 foods. 4 The database contains values for total choline and 6 metabolites of choline: betaine, free choline, glycerophosphocholine, phosphocholine, phosphatidylcholine, and sphingomyelin. In 2005, total choline was included for the first time in the dietary intake data collected by ''What We Eat in America'' (National Health and Nutrition Examination Survey). This survey data revealed that only 10% of individuals had intakes at or greater than their AI for choline (A. Moshfegh, Choline Science Summit, September 10, 2009). Several subpopulations were found to have mean usual intakes well less than the AI, including children 9 years or older; men, especially older men; women; and pregnant women ( Figure 1) . 11 Among males and females, 2 years or older, mean daily intake of choline was 316 mg/d, significantly less than the AI of 425 to 550 mg/d for adults. 11 Suboptimal intakes of choline, coupled with evidence that a significant proportion of the population carry genetic variations that may raise choline requirements to levels greater than the AI, reinforce the need for intervention strategies to increase intake of choline-rich foods.
Choline in Human Health
Choline's role in human health begins prenatally and extends into adulthood and old age. Its functions are complex and include neurotransmitter synthesis (acetylcholine), cell-membrane signaling (phospholipids), lipid transport (lipoproteins), and methyl-group metabolism (homocysteine conversion to methionine). 2 In humans, dietary deficiency of choline results in liver and muscle damage. A more detailed review of choline's wide-ranging roles in human health is published elsewhere. 2, 3 The following overview of key research presented at the summit emphasizes the role of choline across the life cycle.
Pregnancy and Lactation
Demand for choline is especially high during pregnancy and lactation. 12 Recent evidence suggests that pregnancy and lactation present specific windows of opportunity in which adequate choline intake may help improve pregnancy outcomes and promote lifelong beneficial effects on memory and learning.
13Y15
Large amounts of choline are delivered to the fetus across the placenta, and choline concentration in amniotic fluid is 10-fold greater than that present in Figure 1 . Average daily intake of choline.
Choline needs rise in pregnancy and lactation.
maternal blood. 16 Because human milk is rich in choline, lactation further increases maternal demand.
1 Maternal choline supply is critical to support fetal growth, including brain development. Although endogenous production of choline increases during pregnancy, the demand appears to exceed the supply, and dietary choline is critical to meet the increased requirements. 17 Low intakes of choline are associated with elevated levels of homocysteine, which may be an important risk factor for several adverse pregnancy outcomes, including preeclampsia, prematurity, and very low birth weight. 13 Given the similar role played by choline and folate in the conversion of homocysteine to methionine, research suggests that choline is also important for neural tube closure. 16, 18 In a study of maternal periconceptional intakes of choline and its influence on neural tube defect risk, researchers found that women in the lowest quartile for dietary choline intake had 2 times the risk of giving birth to a child with a neural tube defect, compared with women in the highest quartile. 15 Recent studies in animal models show that choline supplementation during critical periods of fetal/neonatal development can have long-term beneficial effects on memory and attention and may help protect against age-related cognitive impairment. 19Y22 In rodents, choline availability during later periods of pregnancy and after birth influences the formation of neural stem cells in the memory center of the brain (hippocampus), causing lifelong changes in brain structure and function. Rodent offspring exposed to extra choline in utero did not show a typical decline in memory with age, suggesting that choline deficiency during pregnancy may be linked to long-term cognitive impairment. 23 Preliminary studies also suggest that dietary intervention with choline may reduce the severity of some fetal alcohol effects and may protect against damage associated with epileptic seizures. 24, 25 It remains to be seen if these results also apply to humans.
Evidence of the critical role of choline in pregnancy coupled with data suggesting inadequate intake of choline in women suggests a need for intervention to ensure optimal intake of choline during pregnancy. Women who are of childbearing age, pregnant or lactating should be advised of the benefits of consuming a diet rich in choline.
Childhood
In humans, the hippocampus continues to develop after birth, resembling the adult structure by 4 years of age.
Adequate dietary intake of choline by the pregnant mother and later by the infant is believed to directly affect brain development, possibly enhancing memory and learning functions that endure across the life span. Extrapolating from animal studies, human sensitivity to the developmental effects of dietary choline could continue from birth to 4 years of age. 26 
Adulthood
Elevated levels of homocysteine have been associated in some studies with greater risk for cardiovascular disease, cancer, cognitive decline, and bone fractures. Choline supplementation, as phosphatidylcholine, was found to be as effective as folic acid in lowering fasting homocysteine levels, suggesting that choline may also play a role in reducing cardiovascular risk. 27 Findings from the ATTICA study and the Nurses' Health Study revealed that subjects whose diets were rich in choline and betaine, a choline metabolite, had improved levels of several inflammatory markers, including C-reactive protein. 28, 29 Elevated C-reactive protein has recently been recognized by the National Heart, Lung, and Blood Institute as a useful marker for cardiovascular risk. 30 High dietary intakes of choline have also been recently associated with a decreased risk for certain cancers. In a case-control study, low dietary choline was associated with increased breast cancer risk and mortality. 31 Choline Call to Action: Conclusions From the Choline Science Summit Our knowledge and understanding of choline have increased exponentially over the past decade. Recognition of the mounting evidence linking inadequate choline intake to public health consequences coupled with evidence of suboptimal intakes in high-risk populations provided the foundation for bringing together choline experts and nutrition leaders for the Choline Science Summit. Following presentations of the cutting-edge science on choline, Summit participants convened into breakout sessions to begin an important dialogue. The goal of these sessions was to achieve consensus on future strategies to (1) elevate awareness of this essential nutrient among health professionals and consumers and (2) close the gap between actual and recommended intakes. The following summarizes the conclusions from these sessions.
populations, especially for women who are of childbearing age, pregnant, or lactating. Research confirms that choline is an essential nutrient vital to fetal brain development and neural tube closure. Like folate, adequate choline intake is critical even before a woman may know she is pregnant. Yet, intake data from National Health and Nutrition Examination Survey 2005Y2006 reveal that the mean daily intake of choline during pregnancy is 337 mg, and only 14% of pregnant women have usual intakes at or greater than their AI (A. Moshfegh, Agricultural Research Service, USDA, written communication, December 16, 2009 ). The lack of focus on this essential nutrient may be jeopardizing the health of mother and child. Increasing dietary intakes of choline is a simple tactic that may further aid in promoting healthy pregnancy outcomes.
Preliminary recognition of choline as a shortfall nutrient by the 2010 Dietary Guidelines Advisory Committee acknowledged the evidence that choline plays a critical role in human health and that public health implications can ensue with continued suboptimal intakes. Continued studies on choline may provide additional evidence to identify it as a nutrient of concern for the population at large in future nutrition guidance.
AI Levels for Choline Should Be Reevaluated With Consideration of Establishing an EAR and RDA
Study of the potential health implications of suboptimal choline intakes is still in the early stages, yet the evidence to date is compelling enough to suggest that AI levels may be too low for some subgroups. A significant finding in the past decade is the discovery of variation in the dietary requirements for choline that can be explained by genetic differences between individuals. Summit participants agreed that this evidence should be presented to the IOM for consideration of establishing the EAR for choline, or the average daily choline intake level estimated to meet the requirements of half of the healthy individuals in a particular life stage and sex group. This would likely mean establishing the RDA at a level greater than the current AIs to meet the requirements of nearly all healthy individuals in a particular life stage and sex group. Summit participants acknowledged this would require increased education on choline's role in human health and delineation of choline-rich foods to help ensure AIs.
Another consideration discussed by the summit participants was the possibility of establishing separate recommendations for specific genotypes. Although this would require genetic testing, the future of nutrigenetics, or the study of the effects of genetic variation on nutrient metabolism, may allow for personalized nutrient recommendations in the future for choline and other nutrients where requirements may vary from established dietary reference intakes. 32 Choline offers an excellent opportunity to study the impact of nutrigenetics on establishing gene-based nutrient requirements.
There Is a Critical Need to Increase Awareness and Intake of Choline Through Public and Professional Education
With only an estimated 10% of Americans achieving AIs and compelling evidence of negative health outcomes associated with low choline intakes, the summit participants agreed there is a need to increase awareness of the public health consequences of suboptimal choline intakes and provide education regarding the richest food sources of choline. There is also evidence of a lack of understanding about choline among both health professionals and consumers. A recent survey found that 74% of mothers are not at all familiar with the benefits of choline, and 78% cannot identify food sources of choline. 33 Among health professionals, including registered dietitians and physicians, knowledge and awareness of choline are low. Choline ranked last among common nutrients as a nutrient to recommend in a healthy diet. Only about 10% of those surveyed indicated they were moderately familiar with choline and likely to recommend choline-containing foods to their patients. Among obstetricians and gynecologists, only about 6% were likely to recommend foods containing choline for healthy pregnant women. 33 Clearly, there is a need to increase awareness of choline's role in healthVfor both consumers and health professionalsVand provide education regarding choline-rich foods, such as eggs, lean beef, and pork. A sample menu was displayed to participants to illustrate how current choline requirements can be met by a varied diet that includes choline-rich foods while following daily food plan recommendations. A challenge recognized by participants is that current dietary guidance from a variety of health organizations recommends limiting intake of cholesterol to less than 300 mg/d, less than 200 mg for those with existing cardiovascular disease. This dietary advice may have had the unintended consequence of restricting choline-rich foods, such as eggs, meat, and milk.
The summit participants agreed that enlisting the support of professional organizations representing registered dietitians, pediatricians, family physicians, obstetricians, gynecologists, nurse practitioners, and midwives should be a priority in helping to educate health professionals. Professional seminars, continuing education programs, and educational tool kits were identified as examples of strategies for reaching health professionals. Other organizations and programs, including March of Dimes; the Special Supplemental Nutrition Program for Women, Infants, and Children; and USDA's Daily Food Plan for Moms, can help to reinforce this education with public health initiatives and teaching materials. With education and understanding that adequate choline intake before and during pregnancy can have lifelong effects on a child's health, increasing intake of choline-rich foods becomes a simple change with a significant impact. However, to facilitate these changes, a specific recommendation in future nutrition guidance for pregnant and lactating women to increase consumption of choline-rich foods is an important first step in bringing greater attention and awareness for this essential nutrient.
The Choline Science Summit was supported by the Choline Coalition, which includes the Egg Nutrition Center, Balchem Corporation, National Pork Board, and The Beef Checkoff.
